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Abstract: Over the past two decades, upper limb exoskeletons used for service delivery and 
rehabilitation have attracted attention from the biomedical and engineering sectors. Technology 
is becoming one of the key solutions for physically weak or disabled people. Mechanical devices 
were developed to improve the performance and strength of the user. Devices that help the 
patient during postoperative or post-traumatic rehabilitation after joint damage of various types 
are orthoses. There are different types of orthoses, such as mechanical, active with EMG 
functions, exoskeletons, and others. In this work, an overview of various types of orthoses is 
given, problems of fixing orthoses elements are considered. In the review of the literature related 
to these studies, the advantages and disadvantages of bolted connections are given. Two contact 
problems of the orthosis were also considered and the stress-strain state of the bolted joint of the 
structural elements of the elbow orthosis prototype under study was determined using the 
FEMAP with NASTRAN software package. Based on the necessary operating conditions, a 
prototype model of the orthosis was presented. 

Keywords: elbow orthosis, bolt joint, stress-strain state, aluminum plates, modeling prototype, 
FEMAP with NASTRAN. 


1. Introduction 


One of the methods of rehabilitation, prevention and treatment of lost functions of the 
musculoskeletal system during post-operative or post-traumatic recovery of joint damage is orthotics. 
The method consists in fixing the elbow joint with an orthosis, in the correct anatomical position, 
preventing incorrect movements. 

A number of requirements are put forward to orthoses, such as compactness, low weight and 
creating movements as close as possible to the movements of a healthy person. 

During the design of the orthosis and exoskeleton in general, its mobility is important, namely 
the details and actuators with the help of which movement will occur. Therefore, it is advisable to 
review the literature related specifically to the structure and individual details of the orthosis of the 
upper limbs. The orthosis of the elbow joint can be conventionally divided into several parts: the 
mechatronic one, which controls and includes the actuator, the mechanical one, which is considered 
in this article, which is responsible for the transmission of motion, and the body, in which all structural 
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elements are mounted, which is directly attached to the patient's hand. A compact motor [1] is used 
as an actuator in active elbow orthoses, and such devices are usually controlled using EMG sensors 
[2] that measure the activity of signals generated by muscles. 


2. Object and subject of research 


The object of the study is the elbow joint orthosis, since in view of the extensive studies of 
exoskeletons of the upper limbs, very few articles cite the construction of the exoskeleton, which 
reproduces complex anatomical movements in the shoulder and wrist joints of the hand and the hand 
as a whole. Existing commercial offerings and prototypes are bulky devices designed exclusively for 
home rehabilitation that have a high cost. There is also no information on the reliability of the orthosis 
design elements and the orthosis as a whole. 


3. Target of research 


The main task of this scientific work is the modeling and research of contact problems of the 
structural elements of the elbow joint orthosis. Determining the stress-strain state of the bolted 
connection that fixes the orthosis plates, on which the orthosis fiction elements are attached to the 
patient's arm and the motor and orthosis control units as a whole. The material, design and 
determination of the stress-strain state of the orthosis plates were referred to in scientific work earlier. 


4. Literature analysis 


Mechanical design and kinematic analysis are the most important issues in the development of 
an ergonomic exoskeleton system. In a number of scientific articles, exoskeletons of the upper limbs 
are considered, especially for industrial and medical applications. For example, in the following 
works, studies of upper limb exoskeletons prototypes are considered: shoulder exoskeleton with 
parallel drive [3], robotic suit for upper limbs (CRUX) [4], upper limb exoskeleton [5], UB-EXO 
developed by Aalborg University [6] , compact 3-degree-of-freedom (DOF) scissors for the upper 
limb exoskeleton [7], NESM [8], Exo-jacket Stuttgart [9], CAREX 7 [10], [11], 6-DOF upper limb 
exoskeleton model [12] and many others. 

In [13], the main topic is the elbow joint mechanism designed to increase the ratio of torque to 
weight. As the authors point out, after reviewing the literature, it was determined that most elbow 
exoskeletons developed or commercially available have motors directly connected to its joint. 

Connections of orthosis elements to which the motor is attached, movable elements that change 
the direction of movement, orthosis control elements, such as EMG, are fixed by means of a bolted 
connection [14]. 

Reliability and strength of the bolted connection of parts depends on many structural and 
technological factors. For example, from the materials, the type of bolted connection, the tightening 
force of the bolts, the nature and magnitude of the load, and others [15, 16, 17]. In work [18], it was 
established that the bolted connection works not only in shear, but also in bending. The results of 
fatigue studies of bolted joints are presented in scientific papers [19, 20]. 

The magnitude of the torque when tightening the bolts has a significant impact on the reliability 
of the bolted connection. In the course of research, it was established that with an increase in the 
tightening moment, the bearing capacity increases [21, 22, 23, 24, 25, 26, 27]. In work [24] it is stated 
that the increase in rigidity is possible due to the reduction of shear deformations in the connection. 

In [28], it is stated that the consideration of bending stresses arising as a result of the appearance 
of eccentricity in the calculations of the durability of a bolted connection is not sufficiently studied. 
This can be done only on the basis of refined numerical calculations. 

In connection with the above, the development and research of an elbow orthosis that can perform 
a motor function instead of a person is relevant. 
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5. Research methods 


As mentioned above, the orthosis should be compact, light in weight and perform the functions 
assigned to it. The following conditions were used for the design of the mechanical part: full flexion 
and extension of the arm of an average adult 150-170 degrees in 1s, an additional load of 1 kg, which 
the patient must lift with the help of an orthosis. Then according to the calculations, in turn, the 
moment of force, taking into account the moment of the hand, the moment of the orthosis and the 
additional weight, should be at least 17 Nm. Taking into account the obtained results, a model and 
assembly of an elbow joint orthosis was created in the Kompas 3D V18 environment (Fig. 1). 

The orthosis is fixed on the patient's arm due to bandages attached in two places of each of the 
plates. On one of the plates, an engine is installed that activates the bevel gear. The connection of the 
lower plate with the gear wheel is made by three standard bolts A.M5-6gx10. The plates are connected 
to each other using the A.M6-6gx16 bolt and А 8.37 washer [14]. 


Fig. 1. Elbow orthosis model. 


To determine the stress-strain state (SSS) of the assembly, the model is imported into the FEMAP 
with NASTRAN environment, and the contact planes are assigned with subsequent addition of 
connections between them. 

For the calculation of the first contact task between the gear and the plate, a simplified model of 
the conical gear and bolts is considered, for fixing the gear with the plate, for the optimization of the 
overlap and calculation of the mesh of finite elements (FE). When modeling a gear, it is enough to 
specify only one tooth profile, and replace the others with one average thickness. Bolts are simplified 
by removing the slot on the head, as well as the chamfer of the bolt rod. The simplified model is 
shown in Fig. 2. 


Fig. 2. A simplified 3D orthosis model for the first contact task 
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Boundary conditions were applied taking into account the Saint-Venant principle. Fixation of the 
end of the plate was performed, and forces were applied at the place of attachment of the bandages 
and on the plane of the tooth. For calculations, forces of 10 N at the edge of the lower plate and 20 N 
at the point of engagement of the wheel were chosen. 

To consider the stresses on the bolt rods, let's choose tangent lines to the surface of the bolt rod. 
The obtained results of numerical calculations of the stress-strain state are shown in Fig. 3. 
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Fig. 3. Von Mises stress a) and strain b) distribution in the bolt joint orthosis prototype 


In Fig. 4 provides a detailed analysis of the distribution of movements along the bolt rod. 
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Fig. 4. Strain а), Б), с) distribution in the bolt joint orthosis prototype 


Along the rods of the bolts, the stress-strain state has a similar character, but in the places where 
the diameter of the bolt changes, there are spikes in stress concentration, which is indicated in the 
graph (Fig. 3, a). For further design and modeling for structural reasons, you need to choose a bolt 
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with a larger diameter. And according to the graphs in the figure (Fig. 4), the largest movement is in 
the first bolt. 

To calculate the second contact task, the connection between both plates of the orthosis, a 
simplified model of the bolt and upper plate of the orthosis was added to the previous model. The 
simplified calculation model is shown in Fig. 5. 


Fig. 5. A simplified 3D orthosis model 


The results of the distribution of stresses and deformations according to the model of the 
complete assembly of the orthosis are shown (Fig. 6). 
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Fig. 6. Graphs of Mises stress distribution a) and displacements of plate faces b) 
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According to the images (Fig. 6), the concentration of stresses further occurs in the wheel-plate 
connection, but we are interested in the connection of two plates by the M6-16 bolt. 

The numerical calculation showed that there is a stress concentration along the bolt rod. To 
construct a graphical distribution of Mises stresses and displacements along the bolt rod, a tangent 
line parallel to the axis of rotation of the bolt was chosen Fig. 7. 
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Fig. 7. Von Mises stress a) and strain b) distribution in the bolt joint orthosis prototype 


According to the obtained graph (Fig. 7, a) of stress distribution, it can be seen that the greatest 
stresses occur in the middle of the length of the rod, and the graph has a parabolic character. The 
movement graph also has a parabolic character, which can be seen in Fig. 7, b. To reduce stresses in 
the further design of the elbow orthosis, it is necessary to choose a bolt with a larger diameter. 


6. Research results 


As a result of numerical calculations, it was established that along the bolt rods, which fasten the 
bevel gear wheel to the bottom plate, the VAT has a similar character, and in the places where the 
diameter of the bolts changes, bursts of stress concentration occur. It was established that the largest 
displacements occur in the first bolt. For further design and modeling, it is necessary to choose bolts 
with a larger diameter. 

Analyzing the obtained numerical results, it was established that the stress and strain distribution 
graphs along the rod of the bolt, which fixes the aluminum plates of the elbow orthosis, are parabolic 
in nature. 
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7. Prospects for further research development 


In the future, it is planned to design and model an elbow orthosis made of composite materials 
or made with the help of rapid prototyping, taking into account all the obtained results, with the aim 
of reducing the weight of the orthosis and improving the functional characteristics. 


8. Conclusion 


With the help of Kompas 3D V18 and FEMAP with NASTRAN software packages, 3D models 
of the elbow orthosis were created and the stress-strain state of two contact tasks were determined, 
namely the bolt connection of the bevel gear and the bottom plate, as well as the connection of the 
entire model due to the central bolt. 
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